We present a spectroscopic catalog of 67082 M dwarfs from the LAMOST pilot survey. For each spectrum of the catalog, spectral subtype, radial veloc- 
Introduction
M dwarfs are the most common stars in the Galaxy (Bochanski et al. 2010) . Their main sequence lifetime is even longer than the present age of the universe (Laughlin et al. 1997 ). Therefore, M dwarfs can be used to trace the structure and the evolution of the Milky Way. Besides investigating the properties of the Galaxy, M dwarfs are important for identifying potentially habitable extrasolar planets (Charbonneau et al. 2009 ). Many previous studies have been completed using catalog of M dwarfs, for instance, tracing the Galactic disk kinematics (Hawley et al. 1996; Gizis et al. 2002; Lépine et al. 2003; Bochanski et al. 2005 Bochanski et al. , 2007a Bochanski et al. , 2010 , studying the structure of the Galaxy (Reid et al.1997; Kerber et al. 2001; Woolf et al. 2012 ) and computing the stellar initial mass function (Covey et al. 2008b; Bochanski et al. 2010) . To research these scientific topics, some fundamental and preliminary analysis need to be performed in advance, including spectral type classification (Kirkpatrick et al. 1991; Reid et al.1995; Kirkpatrick et al. 1999; Martin et al. 1999; Cruz et al. 2002) , radial velocities measurement (Bochanski et al. 2007b ), metallicity estimation (Gizis 1997; Lépine et al. 2003; Woolf et al. 2006; Lépine et al. 2007) and an analysis of magnetic activity (Reid et al. 1995; Hawley et al. 1996; Gizis et al. 2000; West et al. 2004; west et al. 2011 ).
Because of the difficulty of obtaining spectra from these faint objects, studies on M dwarfs of a decade ago were limited by the number of M dwarf spectra (e.g. Delfosse et al. 1998 Delfosse et al. , 1999 . However, with the development of modern astronomical facilities, the number of M dwarf spectra increases dramatically. Reid et al. (1995) obtained a spectroscopy catalog of 1746 stars, containing primarily M dwarf spectra and a small number of A ∼ K spectra. SDSS later sharply expanded the number of M dwarfs spectroscopic sample. presented a spectroscopic catalog of more than 44,000 M dwarfs from the Sloan Digital Sky Survey (SDSS) Data Release 5 and then as -5 -a part of the SEGUE (the Sloan Extension for Galactic Understanding and Exploration) survey (Yanny et al. 2009 ), over 50,000 additional M dwarf candidates provided a new sight for probing the structure, kinematics, and evolution of the Milky Way. West et al. (2011) presented the latest spectroscopic catalog including 70841 M dwarfs spectra from SDSS Data Release 7 (Abazajian, K. et al. 2009 ), providing fundamental parameters of M dwarfs for future use of the sample to probe galactic chemical evolution.
The Large Sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST, also called Guo Shou Jing Telescope) is a National Major Scientific Project undertaken by the Chinese Academy of Science (Wang et al. 1996 , Cui et al. 2012 . The survey contains two main parts: the LAMOST ExtraGAlactic Survey (LEGAS), and the LAMOST Experiment for Galactic Understanding and Exploration (LEGUE) survey of Milky Way stellar structure.
LAMOST has a field of view as large as 20 square degrees, and at the same time a large effective aperture that varies from 3.6 to 4.9 meters in diameter. A limiting magnitude that LAMOST can reach is as faint as r = 19 at resolution R = 1800. This telescope therefore has a great potential to efficiently survey a large volume of space for stars and galaxies.
From October 2011 to May 2012, LAMOST has completed the pilot survey and released 319000 spectra (Luo et al. 2012) . From the fall of 2012, LAMOST has begun the general survey. Within 4-5 years, LAMOST will observe at least 2.5 million stars in a contiguous area in the Galactic halo, and more than 7.5 million stars in the low galactic latitude areas around the plane. The spectra collected for such a huge sample of stars will provide a legacy that allow us to learn detailed information on stellar kinematics, chemical compositions well beyond SDSS/SEGUE. There is a detailed description of LAMOST spectra survey in and the survey science plan of LEGUE in Deng, et al (2012) .
Among the spectra that LAMOST pilot survey obtained, M type spectra account for near ten percent of all stellar spectra (LAMOST 1D pipeline recognized as stellar spectra, -6 -regardless of S/N). In terms of this proportion, the total number of M dwarfs spectra in the entire survey will be near one million. Such a big sample will enable a number of research topics in exploring the evolution and the structure of the Milky Way. Because countless molecules bands leads to peculiar morphology of M-type stellar spectra, during the process of LAMOST data analysis, M type spectra have to be treated separately to derive fundamental parameters, while other type stellar spectra are input to the ULySS program (Wu et al. 2011 ) for parameters of temperature, gravity and metal abundance.
Our attention is to drive accurate fundamental parameters from M dwarfs spectra obtained in LAMOST pilot survey. This will lay the foundation for further research on the Galactic structure and kinematics.
In this paper we describe the M dwarfs spectra from LAMOST pilot survey and the methods adopted to derive the fundamental parameters including spectral subtype, radial velocity, equivalent width of Hα, a number of prominent molecular band indices, the metal sensitive parameter ζ , and their uncertainties. In section 2 we describe observational spectra from LAMOST and the spectral quality of M dwarfs. In section 3 we discuss how to determine the spectral types for M dwarfs. The radial velocity and its uncertainty of M dwarfs are discussed in section 4. Magnetic activity, molecular band indices and metal sensitive parameter are discussed respectively in section 5. We summarize the results of this paper in section 6.
LAMOST pilot data and Observations
Now the resolution of LAMOST spectra is R=1500 over a wavelength range of 3700Å ∼ 9000Å. Two arms of each spectrograph cover the entire wavelength range with 200Å of overlap. The spectral coverage of blue is 3700Å ∼ 5900Å while that of red is 5700Å ∼ 9000Å. The raw data have been reduced with LAMOST 2D and 1D pipeline -7 - (Luo et al. 2004) , including bias subtraction, cosmic-ray removal, spectral trace and extraction, flat-fielding, wavelength calibration, and sky subtraction. The red side has higher throughput than the blue. Therefore, it is easy to obtain high quality spectra of M dwarfs than other types of stars because most of the light of M dwarfs is in the red band.
Although the latest version of LAMOST pipeline can accurately process the spectra in steps of wavelength calibration and flat-fielding, there is still some uncertainty in the continuum level because of a lack of a high-precision companion photometric survey telescope to aid in absolute flux calibration. In LAMOST sample, most high quality M dwarf spectra matched well with the corresponding templates, but a small fraction of spectra showed different slope than they should, which may caused by interstellar reddening. We need to consider about these factors which could impact the accuracy of our results. To estimate the effect of continuum uncertainties, we compared 348 objects that both LAMOST and SDSS have their spectra. Generally, the S/N of the spectra of these objects in LAMOST are lower than in SDSS. Most of the 348 samples show flux difference smaller than 20%. Figure 1 shows an example of the comparison. The blue band is from SDSS and the red one is from LAMOST, both are from observing the same object. The two spectra morphologically agree well and the flux difference of two spectra is not more than 10%.
To separate M dwarfs from other stars, we selected the spectra that were classified as M or K7 by the LAMOST 1D pipeline. LAMOST 1D pipeline carries out chi-squared fits of the observed spectra to the templates. The templates were constructed by linear combinations of eigen spectra (from decomposition of a set of SDSS spectra) and low-order polynomials (Luo et al. 2012) . Most M-type stellar spectra were correctly recognized by the 1D pipeline, but near one fifth M-type stellar spectra (mainly early-type M) were misclassified as K7 dwarfs. Therefore, all K7 type spectra need to be inspected to search for M-type spectra. The total number of the candidates is 98,887. After visually inspection using the Hammer spectral typing facility (Covey et al. 2007 ), we excluded K7 type spectra, -8 -double stars and poor quality spectra. We ignored giants contamination because giant contamination rate is very low (Covey et al. 2008b ). Our final LAMOST catalog contains 67,082 M dwarfs.
It is important to note that not all spectra of this M dwarf sample are in the released stellar spectra from LAMOST pilot survey. The released stellar spectra need meet S/N larger than 10 (in the g and r bands). But for many M-type stellar spectra, even with a lower S/N (in r band), they can be easily identified and assigned with an appropriate spectral type. Thus, we collected all M-type spectra into this M dwarf sample irrespective of S/N.
SPECTRAL TYPES
Spectral subtype of an M dwarf is one of the most important fundamental parameters, which relates to the temperature and the mass of the M dwarf. There are two primary approaches to classify a M dwarf according its spectrum. The one uses the overall slope of the spectrum, which requires accurate spectrophotometric calibration over the full optical wavelength. The other matches the relative strength of atomic and molecular features in the spectrum which has been normalized by dividing by an estimated continuum. Considering the flux uncertainty of LAMOST M dwarf spectra, we choose the second method to derive the spectral types of the LAMOST M dwarfs.
The Hammer (Covey et al. 2007 ) is an IDL-based code that uses the relative strength of features. It has been widely used for classifying stellar spectra (Lee et al. 2008a; West et al. 2011; Woolf et al. 2012; Dhital et al. 2012) , especially for M dwarf spectra. For late-type stars classification, the Hammer computes 16 molecular band head indices of each spectrum, including indices of CaI, MgI, CaH3, TiO5, VO, NaI, Cs, CrH, CaII, etc. The -9 -wavelength of the indices covers from 4000Å to 9100Å. The Hammer matches these indices with the indices computed from templates, and the spectral type of the closest template is selected as the spectral type of the observed spectra. However, as described in the previous findings, the automatic Hammer tends to classify some later-than-M5 spectra as an earlier subtype ).
To try to remedy the Hammer of the late M classification problem, we first tested the Hammer code with known type M dwarf spectra. Bochanski et al (2007b, here after Bochanski2007b) derived low-mass M0∼L0 template spectra that were computed from over 4000 SDSS spectra, and used them for medium-resolution radial velocity standards. We adopted Bochanski2007b template to test the Hammer automatic spectral typing. We used the Hammer automatically classify the Bochanski2007b templates and the results are shown in the second column of Table 2 . In contrast of the first column of the table, M1, M5, M6, M7 and M9 template are allocated with an earlier subtype.
We inspected each mismatch case and found that the spectral region between 6000Å and 7000Å and the one beyond 8000Å are not well matched between the Bochanski2007b template and the Hammer template. It means that the original Hammer indices are not adequate to discriminate all of the subtypes. We run an ensemble learning method Random Forest (Breiman, 2001 ) in search of the most important features for classifying M dwarf spectra.
Random forest is an ensemble classifier, which consists of many decision trees and aggregates their results. The method injects randomness to guarantee trees in the forest are different. This somewhat counterintuitive strategy turns out to perform very well comparing to many other classifiers, including discriminant analysis, support vector and neural networks (Liaw et al. 2002) . Random forests have become increasingly popular in many scientific fields (C. Strobl et al. 2008) . And variable importance measures of random Before we classified Bochanski2007b M dwarf template using random forest, we divided each spectrum from 6000Å to 9000Å into 600 regions, each region covers 5Å. The We then classified the Bochanski2007b template using the modified Hammer. The results are showed in the third column of Table 2 . The classification result of each template is right now. In order to verify the performance of Hammer after adjusting indices, we further tested the code with 70,841 spectra from the SDSS DR7 M dwarf catalog . All spectral subtypes in the catalog were derived by visual inspection. The results are showed in Figure 4 . The left panel of the figure is the differences distribution of all spectral subtypes for total 70,841 spectra. It shows a number of spectra that were classified a later subtype by the original Hammer, are partially corrected by the modified Hammer. The accuracy of the modified Hammer is higher than the original Hammer. The right panel shows the differences distribution of subtypes for later than M5 spectra and indicates the original Hammer classifies a larger fraction late-type M dwarfs as an earlier subtype (as indicated by West et al. 2011) . This is greatly remedied by the improved Hammer. According to the statistical results of all the data, the mean subtype difference is 1 subtype before adjusting indices while the mean subtype difference is 0.6 subtypes for modified Hammer.
We used the amended Hammer to classify the 67,082 M dwarf spectra from LAMOST pilot survey. Figure 5 shows the signal to noise (S/N) distribution of M dwarfs from LAMOST pilot survey. The S/N was computed in the range of 6900Å∼ 8160Å. Figure 6 shows the spectral subtypes distribution of M dwarfs in this catalog. From this distribution, early-type M dwarfs account for a large proportion, and the number of late-type M dwarfs from M6 to M9 is small (only 724). This is likely due to target selection effects and the -12 -resolution capacity limitation of LAMOST telescope.
Radial Velocity
The radial velocity (RV) of each M dwarf was measured by the cross-correlation method. Each observed spectrum was cross-correlated with the Bochanski2007b M dwarf template of best matched subtype. In order to decrease the impact of inaccuracy of flux calibration, we used a cubic polynomial to rectify the observed spectra to best fitted template spectra. We constrained the range of radial velocities to ±500km/s, then moved the observed spectra from -500km/s to 500km/s in a 2km/s step. After each move, the observed spectra was multiplied an optimal cubic polynomial to cross-correlate the observed spectrum, with the corresponding template fitting all correlation values to produce a Gaussian peak. The corresponding radial velocity of the Gaussian peak was chosen as our final radial velocity. A bootstrap estimate was conducted to access the internal error of radial velocity estimation.
We used spectra from the SDSS DR7 M dwarf catalog to test our RV measure method. The right panel shows the distribution of RV differences, in which 67843 RVs differences between -100km/s and +100km/s are shown. Figure 7 indicates that the RVs we measured generally agree with the RVs West et al. measured. The mean of two RVs difference is 0.17km/s while the standard deviation is 6.4km/s, which is less than the reported uncertainties of West2011. The larger scatter of RV around the center of the figure is due to low S/N of spectra, which can be seen in Figure 8 . It is intrinsically difficult to derive accurate RVs from these spectra with low S/N. There are a group of points in the bottom of the left panel of Figure 7 . We visually inspected the Na doublet and found the RVs of these spectra measured by West2011 have larger uncertainties. A Na doublet at 8183Å and -13 -8195Å fitting example is showed in the Figure 9 , in which template spectrum was plotted in red and observed spectrum was plotted in blue. The observed spectrum was corrected to zero radial velocity by RV values respectively from west2011 (top panel) and from our method (bottom panel). We further selected a subsample to check the performance of our method. In this subsample, the S/Ns are between 10 and 20 and the differences of two RVs are between 50 and 200. Of total 479 spectra from this sample, for about 180 spectra, our RV is better than West's, and about 104 worse than West's and for the rest 195 spectra, the accuracy of two RVs is the same.
There are many factors which may cause radial velocity uncertainties. The uncertainty of using cross-correlation method is due to some reasons such as the resolution of the spectra, signal noise ratio, the accuracy of the wavelength calibration and flux calibration, and matching the spectral type of the template to the observed spectra. We used the best matched spectral type template and cross-correlated it with the observed spectra, which minimizes the error introduced by spectral type mismatch. For flux calibration problem, LAMOST has relative flux calibration instead of absolute calibration, which may lead to inaccuracy of spectral flux, and for the wavelength calibration, the RV error caused by inaccurate wavelength calibration of LAMOST spectra is less than 10km/s (Luo2012).
We computed RV and error for all spectra of our catalog and got a mean internal error 11.5 km/s. All spectra of this catalog then were corrected using our radial velocity value for further measurements of Hα emission line and molecular band indices.
MAGNETIC ACTIVITY & MOLECULAR BAND INDICES
Hα emission line is the best indicator of chromospheric magnetic activity in M dwarfs due to their red colors. We estimated the magnetic activity of M dwarfs according to the -14 -methods of West et al. (2004 West et al. ( , 2011 . We used a total 14Å wavelength region for calculation of equivalent width of Hα. The central wavelength is 6564.66Å in vacuum with 7Å on either side. The continua regions are 6555.0Å∼ 6560.0Å and 6570.0Å∼6575.0Å . Our magnetic activity criteria are similar to the west2011 criteria. As our sample contained all spectra of M dwarf from the pivot survey irrespective of S/N, we add an additional S/N criterion (5) to obtain a more clean activity sample. Our criteria is (1) The S/N of continuum near Hα is larger than 3, (2) the EW of Hα must larger than 1, (3) EW is larger than three times of error, (4) the height of the emission line is larger than three times of noise in the adjacent continuum, (5) the S/N of 6500∼6550Å and 6575Å∼6625Å is larger than 10. A star is classified as inactive, it should meet the criteria of (1) and (5) mentioned before to insure the spectrum has higher S/N, besides the spectrum has no detectable emission.
Using the criteria, from 67082 M dwarf spectra, 2312 of them are Hα active while 26074 are Hα inactive, the Hα activity fraction of M0 to M5 listed in Table 3 . We confirm that later subtypes have higher active fractions and the trend of the active fraction from M0 to M5 is in agreement with West2011. But in this sample, the number of late-type M dwarfs from M6 to M9 is 724, and only 174 spectra with S/N>10. This is likely due to target selection effects and the resolution capacity limitation of LAMOST telescope. The number of late-type M dwarfs is too small to produce a reasonable activity fraction if using the same magnetic activity criteria. Therefore the activity fraction of M6∼ M9 was not provided here.
We have also computed important molecular band features TiO1∼TiO5, CaH1∼CaH3, and CaOH according to the wavelength ranges defined by Reid et al (1995a) . The errors of these indices are given as well.
A rough indicator of metallicity ζ was computed, which was defined by Lépine et al. (2007) . This ζ based on the strength of TiO5, CaH2 and CaH3 molecular bands. According 
